Bacteriophage T4 codes for a DNA- [N 6 -adenine] methyltransferase (Dam) which recognizes primarily the sequence GATC in both cytosine-and hydroxymethylcytosine-containing DNA. Hypermethylating mutants, danp, exhibit a relaxation in sequence specificity, that is, they are readily able to methylate non-canonical sites. We have determined that the danf 1 mutation produces a single amino acid change (Pro 126 to Ser 126 ) in a region of homology (HI) shared by three DNA-adenine methyltransferases; viz, T4 Dam, Escherichia coli Dam, and the Dpnll modification enzyme of Streptococcus pneumoniae. We also describe another mutant, datrf, which methylates GATC in cytosine-containing DNA, but not in hydroxymethylcytosine-containing DNA. This mutation also alters a single amino acid (Phe  127 to Val   127 ). These results implicate homology region III as a domain involved in DNA sequence recognition. The effect of several different amino acids at residue 126 was examined by creating a polypeptide chain terminating codon at that position and comparing the methylanon capability of partially purified enzymes produced in the presence of various suppressors. No enzyme activity is detected when phenylalanine, glutamic acid, or histidine is inserted at position 126. However, insertion of alanine, cysteine, or glycine at residue 126 produces enzymatic activity similar to Dam h .
INTRODUCTION
The related T-even phages, T2 and T4 (but not T6), specify a DNA-[N 6 -adenine] methyltransferase (m 6 A-MTase),Dam, that methylates the A residue in the sequence, GATC(1,2,3)-The normal substrate for the enzyme is 5-hydroxymethylcytosine (hmC)-containing DNA, since these viruses contain this base in place of cytosine (C); the hmC is modified further by glucosylation . Nonglucosylating mutants (gt~) are different from their gt + parents in that their DNA is restricted by certain bacterial strains, such as Pl-lysogens (4, 5) . Derivatives of T2 agt~ and T4 agt~ figt~ phage mutants capable of growth on Pl-lysogens have been isolated; these are designated dam h (originally uPl) because they exhibit hypermethylation of their DNA (6) . Thus, Dam h , but not Dam + , methylation protects against restriction by PI (7) [recognition sequence, AGACC (8, 9) ]. This implies that the Dam h enzyme has an altered DNA sequence specificity compared to Dam + .
E. coli also encodes a Dam enzyme that recognizes the sequence, GATC (8, 10, 11) . Although comparison of the T4 dam and E. coli dam gene nucleotide sequences showed no similarity, the derived amino acid sequences revealed four regions of homology (12) . A third m 6 A-MTase, which also methylates the sequence GATC, MDpnU from 5. pneumoniae, possesses three of the four homology regions (12) . Since T2 danf' and T4 dam*' mutants appear to have an altered nucleotide sequence specificity, elucidation of the location and nature of the dam* mutation should give insight into the domain(s) responsible for protein-DNA interaction. However, initial attempts to clone the danfi allele proved unsuccessful. We thought that this might be due to cytotoxicity caused by high levels of methylation. Therefore, an alternative strategy was adopted that took advantage of danfi dam-x double mutants (previously designated u R PJ)(l3), which have a Dam" phenotype. Since the enzyme synthesized by these double mutants is methylation-defective, there should be no barrier to cloning the genes. By sequencing two independent, mutant danfi dam-x genes (originating from the same dam 1 The sequence of the T4 dam + gene cloned in our laboratory (2) was compared to that determined by another laboratory (14) . We observed five nucleotide differences, responsible for three amino acid differences. Despite these differences, both Dam + enzymes are active on hmC-DNA and methylate to similar extents; but, more subtle changes in enzyme activity may exist. (2) . Chemicals and Media LB medium is described in Maniatis, et al. (24) . Ampicillin was added to media to 50 jtg/ml, tetracycline to 15 /xg/ml, and 2-aminopurine (Sigma) to 400jtg/ml. S-adenosyl-L-[me//ry/-3 H]methionine (AdoMet;69.9 Ci/mmol;l mCi/ml) and [a-
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35 S]-dATP (600 Ci/mmol) were from Amersham. PD-10 columns were from Pharmacia.TE is 10 mM Tris-HCl (pH 8.0), 1.0 mM NajEDTA (pH 8.0). Column buffer (CB) was 20 mM NaH 2 PO 4 (pH 6.5),0.5 mM NazEDTA, 10 mM 2-mercaptoethanol, 40 mM NaCl,10%(v/v)glycerol.CBP is CB with 2 mM phenylmethyl-sulfonylfluoride (PMSF). Purification of cold AdoMet is described by Gefter, et al. (25) .
General Methods. Phage DNA isolation was previously described (26) . DNA sequencing was by the dideoxy method (27) with [a- 35 S]-dATP as the labeled nucleotide. Restriction digests, DNA fragment isolation, ligations, transformations, and plasmid DNA purification were carried out as described by Maniatis et al. (24) . Oligonucleotide Primers. The oligonucleotides 5'CCAAACTAAGTAGTAAAATTTCC 3' (for the mutagenic primer) and 5'CTGGCACGCGCTGGACGCG 3' (for the 2nd primer) were synthesized using the phosphoramidite method. The oligonucleotides were heated in concentrated (37%) ammonium hydroxide at 50°C for approximately four hours and chromatographed on a PD-10 column according to the manufacturer's (Pharmacia) directions. Preparation of single-stranded (ss) DNA from pZMll. A 5 ml culture of E. coli RZ1032 containing plasmid pZMll was grown to 8x 10 7 cells per ml in LB broth supplemented with 0.25 /ig/ml uridine. Phage M13rvl was added at an input ratio of 10 per cell and the culture was incubated for 7 hr at 37°C. Cells were pelleted by centrifugation at 5,900Xg; NaCl (0.5 M) and PEG-8000 (7% w/v) were added to the supernatant; after 15 min at 25°C, the phage were pelleted by centrifugation at 12,000 Xg for 10 min and resuspended in 0.4 ml TE. Deproteinization was by successive extractions with water-saturated phenol and chloroform-isoamyl alcohol (24:1). After overnight precipitation in 70% ethanol at -20°C, the ssDNA was collected by centrifugation, washed once in 70% ethanol, and dissolved in 10 mM Tris-HCl (pH 8.0), 0.1 mM Na 2 EDTA (pH 8.0).
Construction of a Polypeptide Chain Terminating (Amber) Codon at Residue 126 Using
Site-Directed Mutagenesis. The T4 dam + gene was cloned into the vector pGCl, which contains an M13 origin of replication, so that ssDNA could be prepared for use as a template in site-directed mutagenesis. This construction was designated pZMll. The method of Kunkel, et al. (17) was followed except that pZMl 1 was used to generate a ssDNA template and two primers were annealed prior to polymerization with E. coli Pollk (Bethesda Research Laboratory). Competent cells were transformed with an aliquot of the polymerization reaction mixture. Transformants were screened for loss of Dam activity by their sensitivity to 2-aminopurine (10) . DNA sequencing confirmed the presence of the amber mutation. The mutated gene was then subcloned into pACYC184, designated pZAM126ACYC, so as to be compatible with colEl plasmids containing cloned suppressor genes.
Partial Purification of Dam Enzymes. E.coli SK1036 containing either pSSH-10 or pZAM126ACYC and plasmids carrying different suppressor genes were grown in appropriate antibiotic-containing medium at 37°C (or at 30°C for pLLl) to OD^x) = 0.5. Cells from a one liter culture were harvested by centrifugation. The cells were suspended in 25 ml TE, harvested again, suspended in 10 ml CBP, and placed at -20°C overnight. After thawing, the cells were lysed either in a French press (at 10,000 psi) or by sonication. After low speed (27,000xg for 30 min) and high speed (144,000xg for 2 hr) centrifugation, the supernatant was fractionated in ammonium sulfate; proteins precipitated between 40-70% were dissolved in 10 ml CBP and dialyzed overnight at 4°C against CB. The dialysate was applied to a DEAE Sephacel (Pharmacia) column (3 ml bed volume) previously equilibrated with CB. Proteins were eluted by a NaCl gradient (40-500 mM) in CB. One ml fractions were collected and selected samples assayed for DNA methyltransferasease activity. 11 dam-x mutants. The increased level of methylation due to the dam* 1 mutation protects non-glucosylated T4 otgt~ (igt~ dam* 1 phage against PI-restriction (6). Therefore, the titer of dam* phage assayed on the restrictive, Pl-lysogenic host, K7O4(P1), is approximately equal to the titer assayed on the permissive, non-lysogenic parent, K704. To obtain spontaneous second-site mutants, dam* dam-x (which have a Dam~ phenotype), T4 darrP plaques on K704 were individually picked and spotted onto lawns of K704 and K7O4(P1) to screen for the loss of infectivity on K7O4(P1). We observed a high frequency of the double mutant (10~3), suggesting that unmethylated mutants may have a growth advantage over the hypermethylating, parental, dam h phage. This was in agreement with the observed frequencies of T2 darrP dam-x mutants (13) . Virion DNA isolated from two independent mutants was sensitive to cleavage by Mbol, but not to cleavage by Dpnl (data not shown), which is diagnostic of DNA lacking m 6 A in the sequence, GATC (or GAThmC 11 dam-3, and ligated into the Xbal site of the vector pUC18. E. coli F+1100 (a host that does not restrict non-glucosylated hmC-DNA) transformants containing the cloned fragment were identified; the recombinant plasmids were designated pZM41 and pZM43, respectively.
RESULTS
Isolation of T4 dam
We anticipated that the dam^ mutation could be identified by comparing the nucleotide sequences of two independent dam h dam-x mutants against the wild-type dam* sequence. According to this strategy, the double mutants should share a common mutation (dam* 1 ), as well as additional, but different, alterations (dam-l and dam-3). To our surprise, the two dam** dam-x sequences contained six nucleotide substitutions compared to the published dam + sequence (14), as well as two different frameshifts ( +1 and -1). This unexpected finding prompted us to sequence our parental dam + gene (2) which was cloned from a different T4 DNA source from that used by others (14) . The sequence of our dam* gene differed from the two dam* 1 dam-x sequences by only a single common base substitution and a unique frameshift (+1 or -1) mutation (Fig. 1) . The common substitution identified as the dam h mutation, was a C to T transition resulting in a Pro 126 to Ser 126 change. Additional support for this conclusion came from the analysis of a T2 danhdamx mutant; it also possessed a Pro 126 to Ser 126 coding change (not shown).
Effect of different amino acids at residue 126.
To study the effect of other amino acids at residue 126, a polypeptide chain terminating amber (UAG) mutation was introduced at this codon by site-directed mutagenesis (see MATERIALS AND METHODS). Various amino acids were then inserted in vivo at this position by the action of different cloned tRNA suppressors. Insertion of either phenylalanine, histidine, or glutamic acid resulted in loss of detectable enzyme activity (not shown). However, insertion of serine (the danfi change), alanine, cysteine, or glycine all gave active enzyme. The latter four enzymes were partially purified and compared to wild-type Dam + enzyme with respect to their ability to methylate various DNA substrates. The yield of enzyme activity differed in each case, perhaps because of differences in the efficiencies of suppression, enzyme stabilities, and intrinsic activities. However, by using a constant amount of protein for a given enzyme, we could compare the relative ability of that enzyme to methylate different substrates (Fig.  2) A-MTase, while replacement with phenylalanine, glutamic acid or histidine at that position appears to render the enzyme inactive (the stability of the latter three derivatives is unknown at this time). The five amino acids that result in a DamMike enzyme tend to be found in turns, and, Chou-Fasman secondary structure predictions place residues 126 and 127 in a turn (31) . This suggests Figure 2 . Methylation of substrate DNA's by partially purified T4 m^A-MTases. At intervals, samples were withdrawn from scaled-up reaction mixtures (see MATERIALS AND METHODS) and precipitated in cold 5% trichloroacetic acid, collected on GF/C glass filter disks and washed with 5% trichloroacetic acid. After drying, the radioactivity was counted in an LKB 1209 Rackbeta scintillation counter. The specific activity of the (31) .
The T2 Dam + protein is able to methylate C-DNA and hmC-DNA to higher levels than T4 Dam + is (6, 26) . Sequence comparison of the two enzymes indicate that there are three amino acid differences (26) ; two are located in homology region I and the third (a conservative change) is located downstream of homology region IV. We are presently trying to determine which of the differences is responsible for the altered sequence specificity of T2 Dam + . It appears likely that homology region I may be involved in sequence recognition. If this notion is correct, then regions I and HI may be in close proximity to one another in the native protein. Region IV may also be in the active site because this domain contains the (Asp/Asn)-Pro-Pro-(Tyr/Phe) motif, common to almost all m 6 AMTases, and thought to be involved in adenine recognition or AdoMet binding (32) . •To whom correspondence should be addressed "•"Present address: The Biological Laboratories, Harvard University. 16 Divinity Avenue, Cambridge, MA 02138, USA
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